In this paper, we build an air conveyor with newly developed vortex bearing elements, and study the flotation precision of the front-end of the substrate in quasi-static flotation transport. We experimentally discuss the three influential factors: air supply pressure, thickness of the substrates and installing direction of the vortex bearing element. We find that during the process of transport the movement of the substrate leads to the variation of flotation height. The amplitude of variation (e.g. flotation precision) is dependent upon the bearing stiffness and the suction force of the vortex bearing elements. Increasing air supply pressure properly can improve the flotation precision, but an excess pressure can cause over-suction due to high negative pressure and result in a poor flotation precision. We also know that the flotation precision of thin and light substrates are easily affected by the suction force of vortex flow because they float with a high flotation height and are more susceptible to deformation. Finally, we investigate four installing directions of the vortex bearing element. Different installing direction can lead to different variation of flotation height.
Introduction
When thin and brittle substrates (e.g. liquid crystal glass substrate) are to be transported, air conveyors are usually used [1] [2] [3] [4] [5] [6] [7] [8] [9] . Air conveyor is the device that forms an air film between the substrate and the air conveyor, and the substrate floats above the air film. It is commonly used to transport large workpieces. In comparison with roller and belt transport, air flotation causes no scratching or pollution (contact smudge, static electricity pollution) because of no contact between the substrate and the air conveyor. It can also effectively prevent the damage caused by stress concentration. At the same time, since air is clean, easy for maintenance and does not generate heat or magnetic field interference, air conveyor is widely used in the automated production sites for transporting workpieces, including liquid crystal glass substrates and semiconductor wafers [6] [7] [8] [9] .
Air conveyor is composed of many bearing elements (see Figure 1 ) [10, 11] . Figure 2 shows 3 types of bearing elements: orifice type, porous-material type, vortex type, etc. Among them, the vortex type is a newly developed bearing element [12] . It has a special structure: at the center of the flat bearing surface there is a cylindrical vortex chamber, and in its tangential direction a nozzle is inserted. When compressed air is squirted into the vortex chamber through the nozzle, it flows along the wall of the vortex chamber to form a vortex flow. Then airflows into the gap between the substrate and the bearing surface before finally discharge to atmosphere. This structural design makes use of the negative pressure generated by the centrifugal force of the vortex flow. Therefore, this particular bearing element can generate a supporting force on the bearing surface, and at the same time produce a suction force at the center. When the workpiece is floated by a supporting force and a suction force simultaneously, the flotation can be better in bearing stiffness and stability [1] .
In our previous research, we analyzed the basic characteristics of a single vortex bearing element, and proved that this type performed better than the traditional orifice-type in terms of bearing stiffness and stress reduction [13] . In this research, we fabricate an air conveyor using vortex bearing elements, and conduct an experimental investigation on the problems that may arise in the actual transporting process to affect the flotation of the substrate. Flotation precision refers to the fluctuation amplitude of flotation height. Take the production process of the liquid crystal glass substrate as an example. Different flotation precision is required depending on the manufacturing processes: coating process and precise inspection requires high flotation precision (±10 -20 μm); pattern checking requires a flotation precision of ±50 μm, while simple transporting process does not have special requirement on flotation precision.
In this paper, we develop a small-scale air conveyor (Section 2), and investigate the impact of air supply pressure (Section 4.1), weight of the substrate (Section 4.2) and installing direction of the nozzle (Section 4.3) on flotation precision. Figure 3 shows the air conveyor we developed. It consists of three 700 mm long rails arranged in an equidistance of 60 mm. The vortex bearing elements on the three air rails are aligned equidistantly (60 mm) on the centerline of the rails. The vortex chamber of the vortex bearing element is 15 mm in diameter and 3 mm in depth, and the nozzle is 0.6 mm in diameter (see Figure  3(b) ). The rails are 60 mm in width to have a bearing surface. Given the original intention lies in investigating the variation of glass substrate in a flotation transport, we designed the air conveyor for experiment with increased space between each bearing elements, and we array them in a line such that we can observe obvious variation of flotation height. Although it is an air conveyor with simple design and structure, it can reproduce the problems occurred during the actual transporting process. Therefore, we consider that the observation and discussion derived from the experiments in this paper have universal value. In the experiments, all glass substrates are 320 mm in length and 350 mm in width, but come in different thickness: 0.4 mm, 0.7 mm and 1.0 mm, respectively. Using glass substrates less than 1 mm in thickness is to create an experimental condition that is similar to real applications. The thickness of glass substrates used in liquid crystal display (LCD) now is generally less than 1 mm. Therefore the weight borne by each bearing element is very small. Blocking-rods are erected on the lateral sides of the substrate (see Figure 3(b) ). The blocking-rods and their support are installed on a linear guide, and they can slide when driven by a motor and move the substrate forward on the air conveyor consequently. In this paper, only quasi-static transport is discussed, i.e. the speed of the moving substrate is very low.
Experimental Setup
substrate; the nozzles are installed on the left side of the vortex chamber (see Figure 5 ). Along the direction of the transport, the movement of laser meter and that of the substrates are synchronized, in order to track and measure the flotation height of a certain point at the front-end of the substrates. Figure 6 shows the experiment results when the air supply is 20 kPa, and the thickness of the substrate is 0.7 mm. The substrate's flotation height is about 200 μm, and it fluctuates when the substrate is being transported forward. For convenience, we denote some key positions as A, B, C and A', respectively in the figure.
When the front-end of the substrate is located between the two bearing elements (at position A), the center of all the bearing elements which support the substrate basically coincides with the center of mass of the substrate. Thus the substrate is at a relatively high flotation position. Approaching the next bearing element (from A to B), the center of mass of the substrate moves forward, and hence deviates from the center of the bearing elements. This deviation has caused a slight downward inclination of the front-end of the substrate. Moving further ahead, the front-end gradually enters into the vortex chamber of the next vortex bearing element (from B to C). Because of the support from the air of the new vortex bearing element, the front-end of the substrate stops the downward inclination, and is kept at a certain flotation height. When the substrate reaches position C, the flotation height of the front-end decreases sharply. This is due to the fact that the vortex chamber is completely covered by the substrate, and as a result the vortex flow inside the chamber is separated from the external atmosphere. Therefore, the vortex flow forms a negative pressure distribution in the chamber [14, 15] . The negative pressure distribution generates a suction force acting on the front-end of the substrate, consequently causing an abrupt decrease of the flotation height. Then the substrate passes through the vortex chamber (form C to A'), and a gap is formed between the substrate and the bearing surface of the rails. The air flows into the gap, and because of the viscous upward supporting force generated by the positive pressure distribution gradually lifts up the front-end of the frictiona positive pressure distribution is formed. An substrate. After reaching A', the substrate completes a transport cycle, and moves back to the same flotation To measure the variation of the flotation height when the substrates are being transported, we have installed a laser meter (Keyence, full scale: 6 mm, precision: ± 0.02% of f.s.) above the substrate. The laser meter is of the three-point reflection type, in which the laser beam will be reflected three times: at the upper surface and lower surface of the substrates and the air rail's surface, respectively. The latter two reflections can be used to calculate the distance from the lower surface of the substrates to the bearing surface of the rail, i.e., the flotation height. The laser meter is connected to the blocking-rods and the support to synchronize its movement with the substrate, and the variation in the flotation height of the substrates at certain point can thus be measured. Furthermore, considering the front-end of the substrate is easiest to be effected during transporting, we installed the laser meter above the front-end of the substrate. Figure 4 shows the air supply circuit of the air conveyor. After flowing through the regulator, the air is regulated to a given pressure and supplied to the air conveyor. The flow and the pressure of the supplied air are monitored by a flow sensor and a pressure gauge respectively. The three rails of the air conveyor are interconnected, to ensure equal air supply pressure of each rail.
An Example of Flotation Transport
In this section, we will show an experimental result to illustrate the variation of flotation height of the substrate during the transporting process. The direction of the nozzles is perpendicular to the movement direction of the height as at position A. We can see that in a transport cycle, the flotation height of the front-end of the substrate fluctuates (i.e. flotation precision) by about 50 μm.
Influential Factors on Flotation Precision
In this section, we study the factors influencing flotation precision, including air supply pressure, weight of the substrate and the direction of the nozzle.
Influence of the Air Supply Pressure
Experimental conditions in Figure 7 (thickness of the substrates and the direction of the nozzles) are the same as those in Section 3. Air supply pressures are 40, 30, 20 and 10 kPa(g) respectively. As air supply pressure increases, the air flow, viscous effect on the bearing surface, positive pressure distribution as well as supporting force increase. Hence we have a slight increase of the flotation height of the substrate. When advancing from A to B, regardless of the air supply pressure, the front-end of the substrate inclines downward as the center of mass shifts. However, we notice that when air supply pressure increases, the amount of downward inclination decreases. It is because increasing air supply pressure can also increase the bearing stiffness of every bearing element. At a higher bearing stiffness, the inclination of the substrates is less likely to occur. Moving from B to C, the front-end of the substrate enters into the next vortex chamber, and is supported by the air from the nozzles. Therefore, the substrate's inclination tendency is altered. We can see that if the air supply pressure is too low (e.g. P s = 10 kPa(g)), the air flow is insufficient to reverse the inclination of the substrate. When the substrate reaches C and covers the vortex chamber completely, a negative pressure distribution is formed inside the chamber, and as a consequence, a suction force is generated and acts on the front-end of the substrate. With increased air supply pressure, negative pressure distribution and the suction force become bigger. Therefore, the variation of flotation height at position C increases more markedly. On the contrary, at a lower air supply pressure, the flotation height only decreases slightly. When the front-end of the substrate is transported out of the vortex chamber, the flotation height increases gradually and reaches the highest value at position A'. Finally, we compare the change of the flotation height under three different air supply pressures: 10 kPa(g), 70 μm; 20 kPa(g), 50 μm; 30 kPa(g), 46 μm; 40 kPa(g), 71 μm. Thus a relatively higher air supply pressure can increase the bearing stiffness and thus improve the flotation precision. But an excess pressure can cause over-suction due to high negative pressure, and lead to a poor flotation precision.
Influence of the Substrate Weight
In this section, we use 3 kinds of substrates that are 0.4 mm, 0.7 mm and 1.0 mm in thickness respectively. Figure 8 shows the experiment results under the air supply pressure of 20 kPa(g). Thinner substrates are lighter, and have larger flotation height, which would increase the suction force caused by negative pressure. We can know from previous research that, within the range of hundreds of micro-meters, the suction force generated by the vortex flow will increase as the distance from it to the transported object increases [14] . From result of the 0.4 mm thick substrate, we find that the increase of suction force has a marked impact on the flotation precision. When the substrate reaches position C and covers the vortex chamber completely, the substrate begins to incline downward significantly. When substrates that are 0.7 mm and 1.0 mm in thickness are used, the tendency of downward inclination at position C is weakened. Moreover, from the perspective of material mechanics, thin substrates are less rigid, and relatively pliable. Therefore, the front-end of the substrate will bend when being attracted. This is another reason for the variation of flotation height for the case of thin substrates. Finally we compare the flotation precision of the substrates of three different thicknesses: the variation of flotation height for 0.4 mm thick substrate, almost 100 μm; 0.7 mm thick substrate, 50 μm; 1.0 mm substrate, less 50 μm.
Results in Figure 8 suggest that when transporting lighter and thinner substrates, lowering air supply pressure might be able to improve the flotation precision. Figure 9 shows the results when air supply pressure is 10 kPa(g). For 0.4 mm thick substrate, the trend of downward inclination at position C is inhibited; its fluctuation of flotation height decreases to 82 μm, an almost 20 μm improvement compared with the result under 20 kPa(g). However, as mentioned in Section 4.1, decreased air supply pressure leads to smaller flotation stiffness. For this reason, for 0.7 mm and 1.0 mm thick substrates, the flo- tation precision deteriorates.
Installing Direction of the Nozzles
As had been introduced in our previous research, the vortex bearing element is different from the traditional bearing elements (e.g. orifice-type and porous-material type): the air is squirted out of the nozzles in the direction that is in parallel with the substrate, rather than blowing air head-on to the substrate [13] . Therefore the install direction of the nozzles relative to the movement of the substrates might have an effect on the flotation. To investigate the influence, we change the installing direction of the nozzles. Figure 10 shows four installing directions, denoted as types I, II, III and IV respectively. In type I, nozzles are perpendicular to the movement of the substrates and at the left side of the vortex chamber. All the nozzles used in the above experiments are of this type. Along the rotary direction of the vortex flow, the nozzles advance ahead for multiple of a quarter of the circumference for types II, III and IV. Figure 11 shows the results when the air supply pressure is 20 kPa(g) with using 0.7 mm thick substrate. Different installing direction of the nozzles can lead to different tendency. From A to B, the flotation height of type III and IV was lower, with a greater tendency of downward inclination. After entering the vortex chamber, types I, III and IV all have their heights increased, with type IV in sharpest increase. It may due to the fact that type IV has nozzles facing towards the substrates, and blows the maximum amount of air into the gap between the substrate and the bearing surface formed over the rails. In comparison, type II has its nozzles backing on to the substrate, which makes the air more difficult to enter the gap below the substrate. Therefore, from B to C, the downward inclination of flotation height persists. When the substrate reaches position C, the flotation height of all four types decreases abruptly. As we have illustrated before, this is because the vortex chamber is completely covered by the substrate, and a negative pressure distribution generated by the vortex has a suction force on the substrate. For types I, III and IV, the amount of decrease is similar, while in type II, the reduction is smaller. This is due to the fact that when the front-end of the substrate reaches position C, type II has a flotation height lower than that of the other three types. Our previous research has shown that when flotation height decreases, negative pressure distribution and suction force become weaker [14] . After the substrate has passed position C, the air flowed into the gap between the substrate and the bearing surface, and the flotation height of all four types shows the tendency of returning.
Conclusions
In this paper, we have an air conveyor built with newly developed vortex bearing elements, and study the flotation precision of the substrate in quasi-static transport. We experimentally discuss the three influential factors: air supply pressure, thickness of the substrates and installing direction of the vortex bearing element. The results are the following: 1) During the process of transport, the movement of the substrate can lead to the variation of flotation height. The amplitude of variation is dependent upon the bearing stiffness and the suction force of the vortex bearing elements.
2) With higher air supply pressure, the bearing stiffness of the substrates will increase, but at the same time, the suction force generated by the vortex also increases. Therefore, it is not favorable to set the air supply pressure very high; we need to consider both of the two factors before setting an appropriate air supply pressure.
3) Thin and light substrates will have a high floating position. But they are more susceptible to deformation and hence to the suction force generated by the vortex flow. Under this circumstance, we can lower the air supply pressure to decrease the suction force and improve the flotation precision.
4) Vortex bearing element differs from traditional elements in the installing direction of the nozzles. Vortex bearing element has its nozzles arranged in parallel with the substrate, rather than blowing air head-on to the substrate. Therefore the flow direction of the air relative to the movement of the substrates has an impact on the flotation precision. Different installing direction can lead to different variation of flotation height.
Future Work
To better understand and utilize the air conveyor composed of vortex bearing elements, our future work will focus on the following topics:
1) The impact of the speed of transporting In this paper, we have assumed the quasi-static transport. However in practical application, the maximal speed can reach 2 m/s. The impact of the speed of transporting on flotation precision will be investigated with emphasis.
2) The optimizing design of the vortex bearing element
The vortex bearing elements used in the present study are designed based on experience. Through the present experiment, we have found that it is of significance to study the optimizing design of the vortex bearing element in order to improve flotation precision.
3) Theoretical modeling on flotation of the substrate At present, our research relies mainly on experimen-tation. In the future, we will develop theoretical models for the flotation of the substrates to investigate the impact of bearing stiffness, suction force and the elastic deformation of the substrates.
